Fluorinated non-ionic surfactants were assessed as adjuvants for tribenuron-methyl, triflusulfuron-methyl and foramsulfuron. The compared adjuvants included hydroxy-terminated fluorinated polyether (PF-151N), polyoxyethylene-alpha-fluoro-omega-(2-hydroxyethyl)poly(difluoromethylene) (Zonyl FSN-100), and polyoxyethylene(23) lauryl ether (Brij 35). Greenhouse experiments were performed to evaluate these surfactants both for their efficacy in controlling weeds and selectivity to crops. Tribenuron-methyl and triflusulfuron-methyl absorption into catchweed and giant foxtail leaves due to surfactant addition was also estimated. Zonyl FSN-100 and Brij 35 allowed a reduction in the application rate of triflusulfuron-methyl to nearly 1/2 of the labelled rate to control redroot pigweed. The foramsulfuron rate was reduced by more than 50% to control barnyardgrass thanks to the addition of Zonyl FSN-100 and it controlled giant foxtail only applied at the maximum labelled rate and mixed with Zonyl FSN-100. Tribenuron-methyl activity against poppy was only slightly enhanced by the use of adjuvants. Tribenuron-methyl efficacy was clearly enhanced by the use of adjuvants to control catchweed; however, the required dose was not lower than the labelled one. The addition of adjuvants induced slight phytotoxicity in the crops. Brij 35 caused the greatest absorption of triflusulfuron-methyl into giant foxtail leaves and of tribenuron-methyl into catchweed leaves.
Introduction
There is increasing interest in the influence of formulation on the biological activity of pesticides. In particular, for postemergence herbicides, the main focus is on the adjuvant type which can greatly enhance the performance of active ingredients. Since post-emergence herbicide effectiveness is greatly influenced by plant factors such as age, size and growing conditions encountered before application, herbicide performance can vary. In order to minimize performance variations and potential weed control failures, an adjuvant may be added to the spray solution. [1] [2] [3] [4] [5] Furthermore, the use of adjuvant in the mixture is key to achieving the important objective of reducing post-emergence herbicide application rates to the lowest effective level. Appropriate selection should be made based on several factors such as the differential sensitivity of the targeted weeds and the different potency of the herbicides being considered. 6) Among the broad group of adjuvants, the most suitable for this purpose are activator adjuvants, compounds that, when added to the spray tank, enhance herbicide activity. 7) Surfactants are the most widely used and probably the most important among all activator adjuvants. 8) They act by facilitating or enhancing the emulsifying, dispersing, spreading, sticking and wetting properties of the herbicide tank mix. Surfactants can also directly influence the absorption of herbicides by changing the viscosity and crystalline structure of waxes on leaf and stem surfaces. [9] [10] [11] Surfactants can be non-ionic, cationic, anionic or amphoteric, but the most commonly recommended and used are non-ionic; among them, polyethoxylated fatty alcohols and organo-silicone surfactants provide a very significant reduction in surface tension and greatly improve herbicide absorption. 12, 13) Sulfonylurea herbicides are easier to use and have brought significant improvements in weed control for main crops: a large application window, excellent crop safety, tank mix compatibilities and low mammalian toxicity have all helped their success. 14) It has been proved that the performance of some sulfonylureas is increased by the addition of tank-mix oils. [15] [16] [17] Moreover, non-ionic surfactants have been effective in improving the activity of primisulfuron, rimsulfuron, and thifensulfuron. [18] [19] [20] [21] It is widely accepted that the adjuvant effect is species specific: different adjuvants interact differently with different herbicides on different species. 22) In this regard, herbicide dose-response curves must be determined, under various adjuvant conditions, for the weeds that are most difficult to control. 23) Since polyethoxylated fatty alcohol surfactants enhance the penetration of polar and non-polar pesticides, they are often added to the mixture to enhance sulfonylurea activity. This could be explained by evidence that nonionic surfactants may penetrate the cuticle relatively rapidly and in large amounts, 24) causing swelling and hydration of the cuticular membrane and affecting the plasticizing or solubilizing of waxes. 25) It has been proven, both empirically and by means of modelling, that the most effective polyethoxylated fatty alcohol surfactants for sulfonylurea range from a hydrophobe with 17 carbons and a hydrophilic group with 20 to 30 ethylene oxide groups (EOs) to a hydrophobe with 24 carbons and 13 EOs. 21) If hydrogen in the hydrophobic hydrocarbon part of the surfactant is replaced by fluorine, greater hydrophobicity of the fluorocarbon chain enhances the amphiphilic character of the surfactant and increases surface activity. This is reflected by surface tension below 20 dyn/cm and lower CMC (critical micellar concentration) values and has beneficial effects on wetting, detergency and solubilization since they depend on the CMC of the micellar solution. 26) Fluorination reduces CMC values about four times per -CF 2 -group. 27) They are powerful wetting and spreading agents, they increase liquid penetration and, when compared to hydrocarbon surfactants, they are better wetting agents for leaves. 27) Those characteristics could be very interesting for enhancing herbicide activity and, as far as we understand, there are no data available in the literature on the use of fluorosurfactants as agrochemical adjuvants. We therefore considered two fluorosurfactants, Zonyl FSN-100 and PolyFox 151N (PF-151N), and, as a comparison, Brij 35, which is the analogue hydrocarbon counterpart of Zonyl FSN-100. Zonyl FSN-100 and Brij 35 are polyethoxylated alcohols with hydrophobe and hydrophilic groups in the range reported to be the most effective. PF-151N, a non-ionic fluorosurfactant, has been selected because it is environmentally preferred, compared to Zonyl telomer-based and other conventional fluorosurfactants.
The objectives of this research were to: (1) evaluate the effectiveness of the abovementioned fluorinated surfactants in enhancing foliar activity of tribenuron-methyl, triflusulfuronmethyl and foramsulfuron to some weed species which are difficult to control, and (2) determine if the addition of surfactants influences herbicide phytotoxicity to crops. The tribenuron-methyl formulation was 75% active waterdispersible granules (Granstar), triflusulfuron-methyl was 50% active water-dispersible granules (Safari), and foramsulfuron was 35% active water-dispersible granules (Option). All weed species were sprayed using a hand nozzle sprayer calibrated to deliver 300 l/ha through an ALBUZ APG 110-yellow flat fan nozzle at an operating pressure of 300 kPa. The height of the giant foxtail at application was 5-7 cm, barnyardgrass 5-6 cm, common lambsquarters 4-5 cm, catchweed 10 cm, poppy 3-4 cm and redroot pigweed 4-5 cm. Tribenuron-methyl doses were 1.5, 3.0, 6.0, 11.3 and 15.0 g a.i./ha, triflusulfuron-methyl doses were 2.5, 5.0, 10, 20 and 30 g a.i./ha, and foramsulfuron doses were 3, 6, 12, 24, 40 and 50 g a.i./ha. Each herbicide dose was applied alone and with three different adjuvant systems, which included two fluorinated surfactants polyoxyethylene-alpha-fluoro-omega-(2-hydroxyethyl)poly(difluoromethylene) (Zonyl FSN-100; DuPont product) and hydroxy-terminated fluorinated polyether (PF-151N; OMNOVA Solutions Inc.), and one hydrocarbon surfactant as a comparison, polyoxyethylene(23) lauryl ether (Brij 35; ICI Americas).
Materials and Methods

Seeds of
Zonyl FSN-100 was applied at 0.01% of the spray volume (0.11 mM corresponding to 10 times the CMC), Brij 35 was applied at 0.04% of the spray volume (0.33 mM corresponding to 3.3 times the CMC) and PF-151N dose was 0.1% of the spray volume (0.44 mM corresponding to a surface tension of 24 dyn/cm in pH 7 buffered water). Each weed and crop species was managed as an independent greenhouse trial, designed as a randomized complete block with three replications. Each trial was repeated four times. Weeds were harvested and weighed about 14 days after treatment (DAT) with fresh weight reduction converted to percent control.
Each active ingredient-adjuvant combination was also tested in terms of injury to the crops for which they are normally used to control weeds: tribenuron-methyl was applied on wheat at the 4-leaf stage, triflusulfuron-methyl was applied on sugar beet at the 4-leaf stage, and foramsulfuron was applied on corn at the 2-leaf stage. The three herbicides were applied at the labelled dose, alone and with the three above-mentioned adjuvant systems. Crop response was evaluated 14 DAT visually, based on a scale of 0-100% where 0 indicated no effect and 100% complete plant death, respectively.
Tribenuron-methyl and triflusulfuron-methyl absorption into catchweed 10 cm high plants and into giant foxtail at the 3-leaf stage, due to surfactant addition, was also estimated by measuring the difference between the amount of herbicide applied to the leaves and that recovered after 20 min. The procedure consisted of preparing a 150 ml of buffered solution (0.1 M borate pH 9.0) of 5 mg/ml herbicide with or without surfactant (surfactant concentrations were 0.01%, 0.04% or 0.1% of water volume for Zonyl FSN-100, Brij 35 or PF-151N, respectively). Solution was buffered to increase sulfonylurea solubility. 28) The solutions were applied on plant leaves and left for 20 min; subsequently, the leaves were rinsed with 10 ml buffer solution (0.1 M borate pH 9.0) and read on a Lambda Bio 20 UV/Vis spectrometer (Perkin Elmer) at 255 nm and 234 nm for tribenuron-methyl and triflusulfuron-methyl, respectively, with the blank being a solution of identical composition without herbicide (three replications). The method was validated for linearity, accuracy and repeatability around the concentration of 5ϫ10 Ϫ5 M by a 0.1 M borate buffer solution (pH 9.0) with the two herbicides, both with and without surfactants; the concentrations for Zonyl FSN-100, Brij 35 and PF-151N were 0.001%, 0.004% and 0.01% of water volume, respectively. For linearity, a calibration curve with six concentration levels in the range from 20 to 200% of the nominal concentration was constructed. The relationship between response and concentration was found to be linear in the investigated concentration interval with a correlation coefficient (r 2 ) of 0.998. The accuracy of the method was assessed over the same concentration range that was investigated in the linearity study (20-200%) by making three independent determinations at each concentration level. In order to estimate repeatability, five consecutive independent measurements of the same test sample with an identical concentration were performed.
The spreading capacity of the tested surfactants was estimated by putting 5 ml drops of aqueous solution of each surfactant (surfactant concentration of 0.01%, 0.04% and 0.1% of water volume for Zonyl FSN-100, Brij 35 and PF-151N, respectively) and 4-methylumbelliferone, added as a fluorescent compound, onto a hydrophobic film under UV light. Twenty minutes after deposition, pictures were taken and the wetted areas compared. The experiment was repeated 5 times.
Statistical analysis. Percentage of weed control was regressed to fit logarithmic dose-response curves that conformed to Eq. (1) 29)
where Y is the percentage efficacy of the herbicide, x is the dose, b is the slope of the curve around its inflection point, ED50 is the dose required to give 50% efficacy and i is the adjuvant, which was included as a categorical variable in the model. For each "weed-herbicide-adjuvant" combination, the selected model was used to derive the dose required to give 90% weed control, assumed to be the minimum dose requirement for satisfactory efficacy. 30) The herbicide dose reduction allowed by the use of adjuvants may be related to the dose required when herbicides are used alone by the ratio "1ϪED90 herbicideϩadjuvant / ED90 herbicide alone ".
Statistical analysis was performed using the macro programme BIOASSAY97. 31) Data regarding crop tolerance and active ingredient absorption into plant leaves were subjected to analysis of variance across experiments and treatment means, and were declared significant at the 5% level of probability according to Least Significant Difference.
Results and Discussion
Dose-response curves did not show any lack of fit to observed data; examples are given in Fig. 1 . This could be due to the relatively low number of doses which decrease the significance of the tests for lack-of-fit. The number of doses applied in this study (five to six doses) could be an acceptable compromise between a good description of the dose-response curve and the acceptance of tests for lack-of-fit, as previously reported in other experiments. 31) In some cases, the selected dose range did not encompass the whole response range of weed species and some were never perfectly controlled, regardless of the application rate and adjuvant.
ED90 levels for triflusulfuron-methyl are reported in Table  1 . The ranking of weed species in terms of sensitivity to triflusulfuron-methyl (without adjuvants) was: redroot pigweedϾgiant foxtail (see ED90s in Table 1 ); redroot pigweed could be well controlled at the approximate commercial rate (20 g a.i. ha Ϫ1 ) without adjuvants. Giant foxtail was much less sensitive and could not be controlled regardless of the application rate. Adjuvants significantly enhanced triflusulfuron-methyl activity, allowing an apparent dose reduction, reaching values in some cases higher than 50% with respect to herbicide applied alone (Table 1) . In more detail, it can be observed that, with respect to giant foxtail, which is not a target weed of this active ingredient, when Zonyl FSN-100 and Brij 35 were added to the mixture, control of this weed was possible, although with a herbicide dose higher than the labelled rate. With the addition of Zonyl FSN-100 and Brij 35 to the mixture, redroot pigweed could be controlled with potential dose reduction for an ED90 of 41 and 45%, respectively. In other words, in the presence of Zonyl FSN-100 and/or Brij 35, the same weed control efficacy against redroot pigweed could be achieved with nearly half the dose compared to triflusulfuron-methyl alone. In this case, the best performing fluorinated surfactants did not give any advantage, in terms of efficiency, compared to the hydrocarbon surfactant. In some cases it was not possi-ble to detect significant differences among the mixture herbicideϩadjuvants and herbicide applied alone (i.e. PF-151N in redroot pigweed control).
Crop injury was registered at 14 DAT. Typical injury symptoms shown by sugar beet plants, associated with triflusulfuron-methyl application, were leaves that became bright yellow with first yellowing on young leaves (chlorosis); injury was higher when Brij 35 was used as the adjuvant (Table 4) with respect to both fluorinated surfactants, less than 10% of damage.
The ED90 levels for foramsulfuron are reported in Table 2 . Averaged across all treatments, barnyardgrass was the most susceptible species to foramsulfuron, of those examined in this study (Table 2) . Considering herbicides alone, only barnyardgrass could be controlled at a rate not higher than the commercial rate. On the other hand, common lambsquarters was not controlled regardless of both the application rate and adjuvants, confirming that foramsulfuron is primarily a grass herbicide. Even though barnyardgrass was the most susceptible species, adjuvant selection significantly affected its control. Zonyl FSN-100 was the most effective adjuvant; it determined a 56% reduction in the amount of foramsulfuron needed for ED90 compared with no adjuvant application. In this case, the significantly higher efficacy of fluorinated Zonyl FSN-100 should be stressed with respect to hydrocarbon surfactant; that particular behaviour is probably due to barnyardgrass leaf morphology and wax composition and structure. Also, in the case of giant foxtail, Zonyl FSN-100 increased the efficacy of the herbicide mixture allowing satisfactory control within the labelled rate, although not differing significantly to Brij 35. Compared to the herbicide applied alone, the addition of Zonyl FSN-100 allowed a 50% reduction in the foramsulfuron application dose. This confirmed that the addition of Zonyl FSN-100 to foramsulfuron is the best adjuvant choice for controlling these two grass weeds. Increasing foramsulfuron control of grass species, like giant foxtail and barnyardgrass, by the addition of methylated canola oil to the herbicide mixture has already been reported. 33) There was no advantage in adding PF-151N for the purpose of controlling both barnyardgrass and giant foxtail.
Injury to corn was also evaluated, ranging between 2.0% and 8.7% from foramsulfuron application 14 DAT (Table 4) . Typical injury symptoms associated with foramsulfuron were chlorosis of the upper portion of the plant and shortened leaf internodes that resulted in reduced plant height and they were more evident when Zonyl FSN-100 was used as the adjuvant (highest damage).
The ED90 levels for tribenuron-methyl are reported in Table 3 .
The ranking of weed species in terms of sensitivity to tribenuron-methyl (without adjuvants) was: poppyϾcatchweed (see ED90s in Table 3 ); poppy could be well controlled at the commercial rate (11.3 g a.i. ha Ϫ1 ) without adjuvants while catchweed proved to be less sensitive. Again, adjuvant selection was important for this sulfonylurea, as already stated by Zollinger who found in his study that the most active adjuvants for tribenuron-methyl were methylated seed oil, crop oil concentrate and organosilicone. 34) In the control of catchweed, adjuvants significantly enhanced tribenuron-methyl activity, Zonyl FSN-100 being the best performing adjuvant although not significantly different from the hydrocarbon surfactant (Brij 35). It allowed an apparent dose reduction of 95%, despite the fact that tribenuron-methyl is not particularly effective in controlling this weed, lowering the ED90 to 25.4 g a.i. ha Ϫ1 , although still higher than the labelled rate. Brij 35 also allowed a significant ED90 reduction to control catchweed. In the case of poppy, significant differences did not emerge between the sprayed adjuvants. Their addition allowed only a slight reduction in the application dose of tribenuron-methyl. The highest crop injury was recorded when tribenuron-methyl was mixed with the hydrocarbon surfactant Brij 35 (Table 4) , the main symptom being chlorosis on the younger leaves, but always with values lower than 10%, while both fluorinated surfactants caused significantly fewer injury symptoms to the crop. Foliar absorption into giant foxtail leaves of triflusulfuronmethyl applied alone was 19.3%, 20 min after treatment (Fig.  2) ; when an adjuvant was added to the mixture, foliar absorption was significantly increased. These results demonstrate that minimal absorption occurs when the active ingredient is applied to giant foxtail without adjuvants. The greatest level of foliar absorption was observed when Brij 35 was added to the mixture (66% of foliar absorption, 20 min after treatment). Zonyl FSN-100 and PF-151N also allowed high active ingredient absorption, and no significant differences were observed between the two adjuvants. In addition, absorption of tribenuron-methyl was generally affected by adjuvants added to treatment mixtures (Fig. 3) . Without adjuvants, absorption into treated catchweed leaves was 27.8%. Addition of Zonyl FSN-100 and Brij 35 increased absorption to over 60%. These results indicated that the tested adjuvants improved herbicide weed control and allowed a higher amount of active ingredients to be carried into the plants. This could partly be explained by taking into account that the studied adjuvants increase adhesion to the target leaves surface and spread over it to cover a large area of the leaves. Comparing data regarding herbicide absorption, as influenced by surfactants, with efficacy on weed control, the absorption level is not always consistent with the efficacy. That is in part apparent because the differences are not always statistically significant; further- more, local surfactant phytotoxicity on the leaf surface with consequent localized cell death and inability of the herbicide to move out of this zone to the site of action has been well recognized. 35, 36) In particular, phytotoxicity has been related to surfactant structure and EOs content (low EOs being more phytotoxic than higher EOs). 37) Spreading effects are shown in Fig. 4 , where drops of three different solutions made with water and one of the three surfactants were on a hydrophobic film and a picture was taken after 20 min. The evidence provided by the picture suggests that the coverage achieved by the surfactants could be ranked as PF-151NϾZonyl FSN-100ϾBrij 35. Although PF-151N provided better spreading, it did not provide the best results in terms of weed-enhancing control; in fact, the interaction between surfactant, herbicide, and plant surface is far more complex than simply lowering the surface tension of the pesticide solution. Fluorocarbon surfactants concentrate at the liquid air interface, whereas hydrocarbon surfactants tend to concentrate at condensed phase interfaces providing a better "bridge" between water and wax on the leaf surface. Due to the fact that both Zonyl FSN-100 and PF-151N are partially fluorinated surfactants they behave in a way which is in between that of fluorocarbon and hydrocarbon surfactants, but since PF-151N molecules are more branched than Zonyl FSN-100, they possibly remain more at the water air interface than Zonyl FSN-100 molecules.
In conclusion, the application rate of triflusulfuron-methyl could be significantly reduced to nearly 1/2 of the labelled rate to control redroot pigweed, with no loss in weed control efficacy; this reduction was favoured by the use of Zonyl Vol. 32, No. 1, 16-23 (2007) Fluorinated surfactants for post-emergence sulfonylurea herbicides 21 FSN-100 and Brij 35. In the case of giant foxtail, the addition of Zonyl FSN-100 and Brij 35 was not enough to allow the control of the weed at the labelled rate. The foramsulfuron rate was reduced by more than 50% to control barnyardgrass thanks to the addition of Zonyl FSN-100. Foramsulfuron was effective against giant foxtail only when applied at the maximum labelled rate mixed with Zonyl FSN-100. This sulfonylurea did not prove effective against common lambsquarters, regardless of the application rate and adjuvant.
The tribenuron-methyl activity against poppy was only slightly enhanced by the use of adjuvants (Brij 35, Zonyl FSN-100 and PF-151N allowed 20%, 14% and 7% of dose reduction, respectively), and no significant differences between them were observed. The effect of the adjuvant in improving the herbicide efficacy of tribenuron-methyl for the control of catchweed was apparent, but the dose was not reduced to the labelled rate.
In general, between the two tested fluorinated surfactants, Zonyl FSN-100 seems to be more efficient than PF-151N in enhancing the herbicide efficacy of the tested sulfonylureas. When the fluorinated surfactant Zonyl FSN-100 is compared to the hydrocarbon surfactant Brij 35, in most cases no differences in enhancing herbicide efficacy are found. Nevertheless, the application dose of Zonyl FSN-100 is reduced by four times with respect to the hydrocarbon surfactant.
Although the addition of the tested adjuvants induced low herbicide phytotoxicity in the crops, all injury symptoms had dissipated by 28 DAT.
